The ability to adapt one's movements to changes in the environment is fundamental in 25 everyday life, but this ability changes across the lifespan. Although often regarded as 26 an 'implicit' process, recent research has also linked motor adaptation with 'explicit' 27 learning processes. To understand how these processes contribute to differences in 28 motor adaptation with age, we combined a visuomotor learning paradigm with 29 cognitive tasks that measure implicit and explicit processes, and structural brain 30 imaging. In a large population-based cohort from the Cambridge Centre for Ageing and 31
brain disorders. We find that explicit memory performance and its associated medial 48 temporal brain regions deteriorate with age, but the association between this brain 49 system and individual differences in motor learning becomes stronger in older adults. 50 We propose that these results reflect an increased reliance on cognition in order to 51 maintain adaptive motor skill performance. This difference in learning strategy has 52 implications for interventions to improve motor skills in older adults. 53
INTRODUCTION 54
The sensorimotor system has a remarkable capacity to adapt to changes that occur both 55 9 from the home position, affecting 0.76% of trials on average across participants). The fitting therefore had three free parameters: 1) Final adaptation (in degrees), which 174 is the difference between the angular perturbation of 30° and the fitted trajectory error 175 on the last cycle of the exposure phase (between 0° and 30°); 2) exponential time 176 constant for adaptation (in trials); 3) de-adaptation time constant (in trials). Based on 177 the fit, we also calculated: 1) final de-adaptation, which is the trajectory error on the 178 last cycle of the post-exposure phase. 2) Time to half adaptation, which is the time (in 179 cycles) to reach half the final adaptation; 3) Time to half de-adaptation (in cycles). Time 180 to half adaptation and de-adaption were chosen for the analyses as they were more 181 robust across subjects compared to the exponential time constants. Three participants 182 (aged 28, 48 and 58 years old) were excluded because their fitted final adaptation was 183 0 degrees, implying failure to understand or perform the task (> 5 SD from cohort 184 mean). De-adaptation was assessed as the absolute ratio between final de-adaptation 185 and final adaptation. 186
187
To examine the contribution of processes supporting implicit and explicit learning to 188 age-related differences in motor adaptation, the data were entered into linear regression 189 models. Final adaptation was the dependent variable, and the independent variables ~1.2% correspond to two-tailed p > 0.05). For the regression analyses, we report the 209 11 raw as well as fully standardised path estimates. Plots were generated using ggplot2 210 (Wickham, 2009 Family-Wise-Error (FWE) corrected, with a cluster-forming threshold of p < 0.001. 244
The raw data and analysis code are available upon signing a data sharing request form 245 (http://www.mrc-cbu.cam.ac.uk/datasets/camcan/). 246
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RESULTS
247
Differences in motor learning with age 248
For each participant, we examined the initial movement trajectory error ( In the exposure and post-exposure phases, participants gradually adapted their initial 261 movement to the onset and offset of the 30º angular rotation (Fig. 1C) and improved 262 their performance in terms of target hit rate (Fig. 1D) . For the exposure and post-263 exposure phases, we fit the trajectory errors with separate exponential curves ( Fig. 2A) . 264
The key parameter to assess learning was 'final adaptation', i.e. the difference between 265 the 30º angular perturbation and fit trajectory error on the last cycle of the exposure 266 phase. Additional parameters of interest were 'time to half adaptation', i. In the post-exposure phase, participants 'de-adapted' to some degree, but remained 287 biased in the opposite direction to the experimental perturbation (see Figure 1C) . Older 288 adults de-adapted less than young adults, with a significant negative correlation 289 between age and final de-adaptation (partial correlation with final adaptation covaried; 290 r (316) = -0.23, p = 3.50e-05, R 2 = 0.053). The time-course for de-adaptation, however, 291 did not vary with age (r (317) = -0.083, p = 0.138, R 2 = 0.007). 292
293
Contribution of implicit and explicit processes to differences in motor learning 294
To study the potential processes underlying reduced motor adaptation with age, we 295 examined the link between final adaptation and individual differences in measures that 296 could support implicit and explicit learning. We used a measure of sensory attenuation, 297 reflecting the precision of internal models, which may support implicit motor learning 298 
Grey matter differences and reduced adaptation with age 320
We next performed a spatially-unbiased, whole-brain Voxel-Based Morphometry 321 analysis of grey matter volume. To identify brain areas where grey matter volume was 322 correlated with differences in adaptation across age, we examined the correlation with 323 the interaction of final adaptation × age. There was a significant positive correlation 324 between grey matter volume and adaptation × age in three clusters ( This interaction indicates that grey matter volume in these regions was more positively 329 correlated with final adaptation in older, versus younger participants (Fig. 4B) . Given 330 these regions' involvement in explicit memory, these results are consistent with the 331 behavioural findings implicating a role for explicit memory in age-related differences 332 in motor learning. No significant negative correlation was found with adaptation × age. The results of the current study suggest that the reduction of motor adaptation as we 345 grow older is related to individual differences in explicit memory, but not in sensory 346 attenuation. Across participants, reduced grey matter in brain structures of the medial 347 temporal lobe, including the hippocampus and amygdala, was associated with reduced 348 motor adaptation. These results contrast with the classical view of motor learning as a 349 pure implicit learning process. In contrast to implicit motor learning which is driven by sensory prediction error (see 413 above), the explicit component of motor learning is proposed to be mainly driven by 414 the task performance error -that is, the difference between the target and sensory 415 feedback (Taylor and Ivry, 2013) . A careful consideration of movement adaptation and 416 target hit rate (see Figure 1C and Figure 1D) shows that unlike older adults, younger 417 participants continued to adapt their movement trajectories even after performance had 418 
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